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Abstract
We analyze the problem of how to determine the parity of the Θ+ pentaquark in the reaction
γN → KΘ→ NKK¯, where N = n, p. Our model calculations indicate that the contribution of the
non-resonant background of the reaction γN → NKK¯ cannot be neglected, and that suggestions
to determine the parity based solely on the initial-stage process γN → KΘ cannot be implemented
cleanly. We discuss the various mechanisms that contribute to the background, and we identify
some spin observables which are sensitive mostly to the Θ+ parity rather than to the details of the
production mechanism.
PACS numbers: 13.60Rj, 13.75.Jz, 13.85.Fb
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I. INTRODUCTION
The first evidence for the Θ+ pentaquark discovered by the LEPS collaboration at SPring-
8 [1] was subsequently confirmed in other experiments [2–7]. None of these experiments could
determine the spin and the parity of the Θ+. Some proposals to do this in photoproduction
processes using single and double polarization observables were discussed in Refs. [8–10]. The
difficulty in determining the spin and parity of Θ+ in the reaction γN → Θ+K− is due to
the way the pentaquark state is produced. The models of the Θ+ photoproduction from the
nucleon based on the effective Lagrangian approach have been developed in Refs. [8–17]. As
has been pointed out, there are great ambiguities in calculating the (spin) unpolarized and
polarized observables. In the effective Lagrangian formalism the problems are summarized
as follows:
(1) Dependence on the coupling operator for the Θ+NK interaction, i.e., whether one
chooses pseudoscalar (PS) or pseudovector (PV) couplings. In the case of PV coupling, gauge
invariance requires a Kroll-Ruderman-type contact term even for undressed particles which
affects both unpolarized and polarized observables. For dressed particles, in a tree-level
description, contact currents also are required for PS coupling.
(2) Ambiguity due to the choice of the coupling constants. At the simplest level, five
unknown coupling constants and their phases enter the formalism: gΘNK in the Θ
+NK
interaction; the vector and tensor couplings gΘNK∗ and κ
∗, respectively, in the Θ+NK∗
interaction, and the tensor coupling κΘ in the electromagnetic γΘ
+ interaction. To fix the
absolute value of gΘNK , one can use the relation between gΘNK and the Θ decay width ΓΘ.
This provides, however, only an upper limit for |gΘNK| because all the experiments give only
upper limits of the decay width (about 25MeV) which are comparable with the experimental
resolution.
(3) Dependence on the choice of the phenomenological form factors: (i) form factors
suppress the individual channels in different ways, and (ii) form factors generate (modify)
the contact terms for the PS (PV) coupling schemes which affect the theoretical predictions.
A possible solution to these problems is to use more complicated “model-independent”
(triple) spin observables, discussed by Ejiri [18], Rekalo and Tomassi-Gustafsson [19], and
Nakayama and Love [20]. These spin observables involve the linear polarization of the
incoming photon, and the polarizations of the target nucleon and the outgoing Θ+. Using
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basic principles, such as the invariance of the transition amplitude under rotation, parity
inversion and, in particular, the reflection symmetry with respect to the scattering plane, one
can arrive at unambiguous predictions which depend only on the Θ+ parity in the reaction
γN → Θ+K¯. The key aspect of the model-independent predictions is that in the final
state the total internal parity of outgoing particles are different for positive and negative
Θ+ parity. We skip the discussions of the practical implementation of using the triple spin
observables since experimental observations of the spin orientation of the strongly decaying
Θ+ is extremely difficult. Instead, we focus on the basic aspects of this idea. For simplicity,
in the following we limit our discussion for determining the Θ+ parity to isoscalar spin-1/2
Θ+. In fact, most theories predict the JP of Θ+ to be 1/2+ or 1/2−.
There are two difficulties in applying the “model-independent” formalism for the parity
determination. First, the final state in the photoproduction experiment is the three-body
state NKK¯ (and not the two body Θ+K¯)-state. The spin observables in the initial and
final channels are deduced by their parities irrespective of the intermediate Θ+ parity. It
is difficult, therefore, to find the pertinent “model-independent” observables for this case.
Second, the contribution of the non-resonant background of the reaction γN → NKK¯ can-
not be neglected. The observed ratio of the resonance peak to the non-resonant continuum
reported in the photoproduction experiments is about 1.5 − 2. This means that the differ-
ence between the resonant and non-resonant amplitudes is a factor of two and therefore the
non-resonant background may modify the spin-observables considerably.
The aim of the present paper is to discuss these important aspects. We show that
strict predictions for the γN → Θ+K¯ reactions lose their definiteness in the case of the
γN → NKK¯ processes, where Θ+ decays strongly into NK; they become model-dependent.
Nevertheless, we try to identify the kinematic regions where this dependence is weak and a
clear difference is expected for different Θ+ parities. In the following discussion, the term
“resonant” is applied to processes which proceed through the virtual Θ+-state, whereas the
term “non-resonant” is used for all other processes. The latter may have intermediate non-
exotic resonant states as well. The resonant amplitude consists of s-, u-, t-channel terms and
the contact (c) term defined by the Θ+NK interaction, as depicted in Fig. 1a-d. We also
have a t-channel K∗ exchange as shown in Fig. 1e. We found that the main contribution
to the “non-resonant” background comes from the virtual vector-meson photoproduction
γN → V N → NKK¯, depicted in Fig. 2a-c. We also have the excitation of the virtual
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FIG. 1: Tree-level diagrams for the reaction
γN → Θ+K¯ → NKK¯.
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FIG. 2: Diagrams for the background process for
the γN → MN → NKK¯ reaction, where M de-
notes the mesons ρ, ω, φ, σ, f2, and a2.
scalar (σ) and tensor (f2, a2) mesons shown in Fig. 2d-f, respectively, and found that their
contribution in the near-threshold region with Eγ ≈ 2 GeV is negligible.
We write gΘNK∗ = αgΘNK in order to be able to pull out an overall factor of g
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ΘNK from all
contributions shown in Fig. 1. In view of the proportionality g2ΘNK ∝ ΓΘ, the dependence
of the amplitudes on ΓΘ then disappears if we consider the observables at the resonance
position. The total amplitude depends on the relative-strength parameter α which will be
fixed by experimental data. The dominance of the K∗ exchange channel [16, 17] allows us
to reduce the number of relevant input parameters at a given coupling scheme to four: the
sign and absolute value of α = gΘNK∗/gΘNK and the sign and absolute value of κ
∗.
We will analyze two reactions, γp → pK0K¯0 and γn → nK+K−, and we shall refer to
them as the γp and the γn reactions, respectively.
In Sec. II, we describe our formalism. In Sec. III, we discuss the non-resonant background.
The procedure to fix the parameters for the resonant amplitude is discussed in Sec. IV. The
results of our numerical calculations for unpolarized and spin observables are presented in
Sec. V. Our summary is given in Sec. VI. In Appendix A, we show an explicit form of the
transition operators for the resonance amplitude. In Appendix B, we discuss the Pomeron
exchange amplitude, and in Appendix C, we provide the parameters of the background
amplitude.
II. FORMALISM
A. Kinematics and cross sections
The scattering amplitude T of the γN → NKK¯ reaction is related to the S-matrix by
Sfi = δfi − i(2π)4δ(4)(k + p− q − q¯ − p′)Tfi , (1)
where k, p, q, q¯, and p′ denote the four-momenta of the incoming photon, the initial nu-
cleon, the outgoing K and K¯ mesons, and the recoil nucleon, respectively. The standard
Mandelstam variables for the virtual Θ+ photoproduction are defined by t = (q¯ − k)2,
s ≡ W 2 = (p + k)2. The K¯ meson production angle θ in the center-of-mass system (cms)
is given by cos θ = k · q¯/|k||q¯|. The Θ+ decay distribution is described by the polar (Θ)
and azimuthal (Φ) angles of the outgoing kaon, with solid-angle element dΩZ = d cosΘ dΦ.
In the center-of-mass system, the quantization axis (z) is chosen along the photon beam
momentum, and the y-axis is perpendicular to the production plane, i.e., y = k× q¯/|k× q¯|.
The Θ+ decay distribution is analyzed in the Θ+ rest frame, where the quantization axis Z
is chosen along the incoming (target) nucleon and Y = y. For completeness, the production
and decay planes with the corresponding coordinate systems are depicted in Fig. 3. We
use the convention of Bjorken and Drell [21] to define the γ matrices; the Dirac spinors are
normalized as u¯(p)γαu(p) = 2pα. The invariant amplitude Tfi is related to Tfi by
Tfi =
Tfi√
(2π)15 2|k| 2EK(q) 2EK¯(q¯′) 2EN(p) 2EN(p′)
, (2)
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FIG. 3: Schematic description of the Θ+ production in (a) the γN → K¯Θ+ reaction in the center
of mass system and in (b) the reaction γN → NKK¯ in the Θ+ rest frame. The notations “P” and
“D” correspond to the production and decay planes, respectively.
5
where Ei(p) =
√
M2i + p
2, with Mi denoting the mass of particle i. The differential cross
section is related to the invariant amplitude by
dσfi
dΩdΩZdMΘ
=
pF
√
λ(s,M2Θ,M
2
K¯
)
32(2π)5W (W 2 −M2N )
1
4
∑
mi,mf ,λγ
|Tfi|2 , (3)
where λ(x, y, z) is the standard triangle kinematics function, pF =
√
λ(M2Θ,M
2
N ,M
2
K)/2MΘ
is the Θ+ decay momentum, MΘ is the invariant mass of the outgoing nucleon and K-meson,
mi and mf are the nucleon spin projections in the initial and the final states, respectively,
and λγ is the incoming photon helicity.
In the following, we consider the observables at the resonance position where the invariant
mass of the outgoing nucleon and K meson is equal to the Θ+ mass, MΘ = M0 = 1540
MeV. In this case, the invariant amplitude of the resonant part is expressed through the Θ+
photoproduction (A) and the Θ+ decay (D) amplitudes according to
T±mf ;mi,λγ =
∑
mΘ
A±mΘ;mi,λγ
1
MΘΓΘ
D±mΘ;mf , (4)
where plus (minus) corresponds to the positive (negative) Θ+ parity (JP = 1
2
±
), mΘ is the
Θ+ spin projection. In the Θ+ rest frame, the decay amplitudes (p- and s-waves for the
positive and negative Θ+ parity) read
1
MΘΓΘ
D+m;mf = D
0
(
2mδm,mf cosΘ + δ−m,mf e
2imΦ sinΘ
)
,
1
MΘΓΘ
D−m;mf = −D0 δm,mf , D0 =
√
4π
pFΓΘ
,
(5)
where ΓΘ is the total width of the Θ
+ decay. After integrating over the decay angles (dΩZ)
in Eq. (3), one obtains
dσRfi
dΩ dMΘ
∣∣∣∣∣
MΘ=M0
=
1
πΓΘ
dσΘ
+
fi
dΩ
, (6)
where
dσΘ
+
fi
dΩ
=
√
λ(s,M2Θ,M
2
K¯
)
64π2W 2(W 2 −M2N)
1
4
∑
mi,mf ,λγ
|Amf ;mi,λγ |2 (7)
is the cross section of the Θ+ photoproduction in the γN → Θ+K¯ reaction, with mf = mΘ.
By using the linear relation gΘNK∗ = αgΘNK , one finds that dσ
R/dΩ dMΘ does not depend
on the Θ+ decay width at the resonance position, whereas dσΘ
+
/dΩ does.
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B. Effective Lagrangians for the Resonant Amplitudes
As mentioned before, we describe the basic resonance process by considering the photo-
production of Θ+, with a subsequent decay of Θ+ into a nucleon and a kaon, as shown in
Figs. 1a-d. We neglect, therefore, the contributions resulting from the photon interacting
with the final decay vertex (see Ref. [8] for the corresponding three additional graphs). In
view of the chosen kinematics, where the invariant mass of the final KN pair is at the res-
onance position, this is a good approximation since in the neglected graphs the Θ+ is far
off-shell and the graphs of Figs. 1a-d dominate the resonance contribution. From a formal
point of view, then, we lose gauge invariance of the process since this necessarily requires also
the contributions arising from the electromagnetic interaction with the decay vertex. How-
ever, following Ref. [22] for the initial photoproduction process, we will construct an overall
conserved current by an appropriate choice of the contact term of Fig. 1d. In view of the
dominance of the resonance graphs we do take into account, numerically we expect very little
difference between our present current-conserving results and those of a full gauge-invariant
calculation.
The effective Lagrangians which define the amplitudes shown in Figs. 1a-d are discussed
in Refs. [8–16]. Note, different papers employ different phase conventions. Therefore, for
easy reference, we list here the explicit forms of the effective Lagrangians used in the present
work. We have1
LγKK = ie (K−∂µK+ −K+∂µK−)Aµ , (8a)
LγΘΘ = −e Θ¯
(
γµ − κΘ
2MΘ
σµν∂
ν
)
AµΘ , (8b)
LγNN = −e N¯
(
eNγµ − κN
2MN
σµν∂
ν
)
AµN , (8c)
L±[pv]ΘNK = ∓
gΘNK
MΘ ±MN Θ¯Γ
±
µ (∂
µK)N + h.c. , (8d)
L[pv]γΘNK = −i
egΘNK
MΘ ±MN Θ¯Γ
±
µA
µKN + h.c. , (8e)
L±[ps]ΘNK = −igΘNKΘ¯Γ±N + h.c. , (8f)
where A, Θ, K, and N are the photon, Θ+, kaon, and the nucleon fields, respectively,
1 Throughout this paper, isospin operators will be suppressed in all the Lagrangians and matrix elements
for simplicity. They can be easily accounted for in the corresponding coupling constants.
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Γ±µ ≡ Γ±γµ (with Γ+ = γ5 and Γ− = 1 for positive and negative parity, respectively),
ep = 1, en = 0, and κN is the nucleon anomalous magnetic moment (κp = 1.79 and κn =
−1.91). Equation (8e) describes the contact (Kroll-Ruderman) interaction in the pseudo-
vector coupling scheme (see Fig. 1d), which is absent in case of the pseudo-scalar coupling
[Eq. (8f)]. In addition, we consider the K∗ exchange process shown in Fig. 1e which is
described by the two effective Lagrangians
LγKK∗ =
egγKK∗
MK∗
ǫαβµν∂αAβ∂µK¯
∗
νK + h.c. , (9a)
L±ΘNK∗ = −gΘNK∗ Θ¯ Γ∓
(
γµ − κ
∗
MΘ +MN
σµν∂
ν
)
K¯∗µN + h.c. (9b)
In calculating the invariant amplitudes we dress the vertices by form factors. In the present
tree-level approach, with our chosen kinematics, only the lines connecting the electromag-
netic vertex to the initial Θ+KN vertex correspond to off-shell hadrons. We describe the
product of both the electromagnetic and the hadronic form-factor contributions along these
off-shell lines by the covariant phenomenological function
F (M, p2) =
Λ4
Λ4 + (p2 −M2)2 , (10)
where p is the corresponding off-shell four-momentum, M is the mass, and Λ is the cutoff
parameter. We conserve the electromagnetic current of the entire amplitude by making the
initial photoproduction process gauge invariant. To this end, we apply the gauge-invariance
prescription by Haberzettl [22], in the modification by Davidson and Workman [23] (which
renders the required additional contact terms free of kinematical singularities), to construct a
contact term for the initial process γN → Θ+K¯. For pseudovector coupling, the inclusion of
form factors not only modifies the usual Kroll-Ruderman term, but also requires additional
contact terms contributing to the amplitudes. We emphasize that contributions of the latter
type are necessary even for pure pseudoscalar coupling.
The resonance amplitudes obtained for the γn and γp reactions read
A±fi(γn) = u¯Θ(pΘ)
[
Ms±µ +Mt±µ +Mu±µ +Mc±µ +Mt±µ (K∗)
]
up(p)ε
µ, (11a)
A±fi(γp) = u¯Θ(pΘ)
[
Ms±µ +Mu±µ +Mc±µ +Mt±µ (K∗)
]
up(p)ε
µ . (11b)
The explicit forms of the transition operators Miµ for the γn → Θ+K− → nK−K+ and
γp → Θ+K¯0 → pK0K¯0 reactions are shown in Appendix A. The choice of the strength
parameters gi in the effective Lagrangians and the cutoff parameters Λ = ΛB will be discussed
in Sec. IV.
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III. NON-RESONANT BACKGROUND
The non-resonant background for the reaction γn→ nK+K− has been discussed qualita-
tively by Nakayama and Tsushima [8]. Together with the virtual vector-meson contribution
V → K+K− (V = ω, ρ, and φ mesons), they have included the excitation of the virtual Σ
hyperons. The coupling constants in the corresponding effective Lagrangians were fixed us-
ing the known decay widths and SU(3) symmetry, and the particles were taken as undressed
but with physical masses. The present analysis with dressing form factors shows that at
Eγ ≈ 2 GeV, the main contribution comes from the virtual vector-meson photoproduction.
For completeness, we also explore the contribution from the scalar (σ) and tensor (a2, f2)
mesons. As we shall show in Sec. III.E, the latter is found to be negligibly small in the
Eγ ≈ 2GeV region.
A. Vector meson contributions: ρ, ω, φ
Naively, one can expect the dominance of the intermediate ρ-meson channel in the back-
ground contribution because the cross section for the real ρ-meson photoproduction is about
an order of magnitude larger than that for the ω meson, and it is about two orders of mag-
nitude larger than that for the φ-meson photoproduction. However, at Eγ ≈ 2 GeV, the
KK¯ invariant mass is distributed in the region 1GeV <∼ MKK¯ <∼ 1.2GeV which straddles
the φ mass. Fig. 4 shows an example of the phase-space diagram of the KK¯ invariant mass
versus the cosine of the K decay angle at a fixed K¯production angle of θ(cm) = 55◦. One
can see that the narrow mass distribution of the φ is within the sampled kinematic region
which therefore makes the φ-meson contribution significant.
In this study we consider the contribution from ρ, ω, and φ mesons. The low-energy ρ-
−1.0 −0.5 0.0 0.5 1.0
cosΘ
0.9
1.0
1.1
1.2
1.3
M
KK
θ=55o
FIG. 4: The phase-space diagram for the Θ+ photoproduc-
tion at Eγ = 2 GeV: the invariant mass MKK¯ versus cosΘ
at a fixed K¯ production angle (θ = 55◦). The cutoff area
of the phase phase is placed between the two solid lines.
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and ω-meson photoproductions are described within an effective meson-exchange model [24–
26]. Thus, the ρ-meson photoproduction is dominated by the t-channel scalar (σ) and
pseudoscalar (π) meson exchanges. The ω-meson photoproduction is mostly defined by
the π exchange. In Ref. [27] the σ exchange in the ρ photoproduction is reexamined on
the basis of un-correlated two-pion and tensor f2-meson exchanges. The main problem of
this approach is the requirement of a large coupling constant for the f2ργ interaction. This
results in a branching ratio of f2 → ργ decay which seems to be unreasonably large. Another
ambiguity is related to the unknown f2NN coupling and the form factors for the off-shell
f2 meson. Since the quality of the description of the experimental data using either the
σ exchange or the f2 exchange is comparable to each other [27], and to avoid introducing
too many unknown parameters, we employ the σ-exchange model in this work; this is quite
reasonable for the present purposes. When the photon energy increases, we have to add
the Pomeron exchange as well. But at Eγ ≈ 2 GeV, it is important only for the ρ channel
where the Pomeron exchange gives about 30% of its contribution. In the ω channel, the
Pomeron contribution is suppressed by the factor (γρ/γω)
2 ≈ 6.33/72.71 ≈ 1/11.5, where γρ
and γω are the ρ and ω decay couplings, respectively. Therefore, in the ω photoproduction,
we limit ourselves to the π exchange process only. The effective Lagrangians responsible for
the meson-exchange channels read
LpiNN =
gpiNN
MN
N¯γ5γµ∂
µπN , (12a)
LσNN = gσNN N¯Nσ , (12b)
Lρσγ =
egρσγ
2Mρ
(∂νρµ − ∂µρν)(∂νAµ − ∂µAν)σ , (12c)
LV piγ =
egV piγ
MV
ǫαβµν∂αAβ∂µVνπ , (12d)
LVKK = igV KK(K¯∂µK −K∂µK¯)Vµ , (12e)
where V stands for the vector meson. The amplitudes for the γN → NV → NKK¯ reaction
may be expressed as
Tfi =
∑
λV
AVmfλV ;miλγ
1
M2V −M2KK¯ + iΓVMV
DVλV FV (M
2
KK¯) , (13)
where AV andDV are the vector meson photoproduction (γN → V N) and decay (V → KK¯)
amplitudes, respectively, MKK¯ is the KK¯ invariant mass, ΓV is the total decay width of the
vector meson, λγ and λV are the helicities of the photon and vector meson, respectively, and
FV is the form factor of the virtual vector meson.
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The photoproduction amplitudes may be expressed in a standard form
AVmfλV ;miλγ = u¯fMµνui εµλγε∗νλV . (14)
In the case of the scalar (S: σ) and pseudoscalar (PS: π) meson exchange, the transition
operators Mµν read
MSµν =
egρσγgσNN
Mρ
gµν(k ·QV )−QV µkν
t¯−M2σ
Fσ(t¯) , (15)
MPSµν = i
egρpiγgpiNN
Mρ
γ5
εµναβkαQV β
t¯−M2pi
Fpi(t¯) , (16)
respectively, where QV = q+ q¯, and FM is the product of the two form factors of the virtual
exchanged mesons in the MNN and γVM vertices. The explicit forms of FM(t¯) are given
in Appendix C. Note that the four-momentum transfers to the KK¯ pair, t¯ is different from
t in Θ+ photoproduction.
The decay amplitude,
DVλV = gV KK(q − q¯)µεµλV , (17)
has a simple form in the V rest frame, with the quantization axis z parallel to the beam
momentum (Gottfried-Jackson system), i.e.,
DVλV = 2kfgVKK
√
4π
3
Y1λV (q̂) , kf =
MKK¯
2
√
1− 4 M
2
K
M2
KK¯
, (18)
where q̂ is the solid angle of the direction of flight of the K meson in the KK¯ rest frame, i.e.,
q̂ ≡ ΩK . The φ-meson photoproduction is defined by the Pomeron and pseudoscalar (π, η)
meson exchanges, as described in Ref. [28]. For an easy reference, we provide the transition
operatorMPµν for the Pomeron exchange amplitude and the parameters which define the φ-,
ρ-, and ω-meson photoproduction in Appendices B and C, respectively.
Figures 5a-c show the cross sections of the vector-meson photoproduction in the reactions
γp→ V p (V = ρ, ω, φ) at Eγ ≈ 2 GeV together with the available data. One can see a quite
reasonable agreement between the experimental data and the calculation. This encourages
us to use the same model for the description of the non-resonant background in the Θ+
photoproduction.
11
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FIG. 5: Cross sections for the ρ-, ω-, and φ-meson photoproduction. The experimental points are
taken from Refs. [29–31].
B. Scalar meson contribution: σ
The γρσ interaction responsible for the ρ-meson contribution naturally leads to the virtual
σ-meson photoproduction and its subsequent decay into the KK¯ pair as shown in Fig. 2d.
The corresponding effective Lagrangians for this transition read
LσKK =MσgσKKσKK¯ , (19a)
LρNN = −gρNN
(
N¯γµρ
µN − κρ
2MN
N¯σµν∂
νρµN
)
. (19b)
The σKK¯ coupling may be estimated from SU(3) symmetry as gσKK = −gσpipi/2.
The amplitude for the γN → σN → NKK¯ process has the form
Amf ;miλγ = u¯fMρµuiεµλγ , (20)
where
Mρµ =
egρσγgρNN
Mρ(t¯−M2ρ )
[
(1 + κρ)Rˆµ − κρ
R′µ
MN
]
Fρ(t¯) , (21)
with
Rˆµ = (k ·Q)γµ − k/Qµ , (22a)
R′µ = (k ·Q)p′µ − (k · p′)Qµ , (22b)
Q = p′ − p . (22c)
The σ → KK¯ decay amplitude is a constant
Dσ = −MσgσKK
√
4πY00(q̂) . (23)
For the vector and tensor coupling constants and the cutoff parameter in Fρ, we take the
corresponding values from the Bonn model [32] (see Appendix C).
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C. Tensor meson contributions: a2, f2
The tensor a2(1320) and f2(1270) mesons have finite branching ratios into the KK¯ decay
channel and, therefore, one can expect their non-negligible contributions to the non-resonant
background in the Θ+ photoproduction [33]. The corresponding branching ratios are (4.9±
0.8)× 10−2 and (4.6± 0.5)× 10−2 for the a2(1320) and f2(1270) mesons, respectively [35].
Similarly to the scalar meson, the tensor mesons (a2 and f2) appear in the “non-resonant”
background in two ways. Firstly, a2 and f2 give a contribution to the photoproduction of
the ω and ρ mesons , respectively. Secondly, they can be produced directly by the incoming
photon with subsequent exchange by ω and ρ mesons, as it is depicted in Fig. 2e,f. The
first case results only in some renormalization of the coupling constants in the ω and ρ
photoproduction amplitudes, and it does not modify the shape of the KK¯ invariant mass
distribution. But since the coupling constants in the ρ and ω photoproduction processes
are fixed by the corresponding experimental data anyway, we may assume that such a
renormalization effect is taken into account in those effective strength parameters. The
second contribution may change the KK¯ invariant distribution qualitatively when MKK¯ ≈
Mf2(a2). This is realized at higher energies with Eγ ≥ 2.3GeV. At Eγ ≈ 2GeV, their
contribution is not very strong; nevertheless, for completeness, we include these processes
in our consideration. We assume that production of the a2 and f2 mesons is generated by
the a2γω and f2γρ interactions, respectively.
The interaction of the tensor and the two vector fields is described by the gauge-invariant
interaction
Lt2V1V2 =
gt2V1V2
Mt2
(Lαβ + Lβα)ξαβ ,
Lαβ = (∂αV µ1 − ∂µV α1 )(∂βV2µ − ∂µV β2 ) ,
(24)
where V1,2 and ξ are the vector and tensor meson fields, respectively, and t2 = a2, f2.
The t2KK¯ interaction is described by the effective Lagrangian
Lt2KK =
gt2KK
Mt2
(
∂βK¯∂αK + ∂βK∂αK¯
)
ξαβ . (25)
The coupling constant gt2KK is related to the decay width Γt2→KK¯ width that subsumes
transitions into both K0K¯0 and K+K− channels according to
g2t2KK =
15πΓt2→KK¯M
4
t2
2p5t2
, (26)
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where pt2 = Mt2
√
1/4−M2K/M2t2 is the t2 decay momentum. Here we assume that
Γt2→K+K− ≈ Γt2→K0K¯0 ≈ 0.5Γt2→KK¯. Using the known widths Γa2→KK¯ and Γf2→KK¯
from [35] we get
ga2KK = 4.9 , gf2KK = 7.4 . (27)
The amplitude of the γN → Nt2 → NKK¯ transition is expressed as
Tfi =
∑
λγσ
At2mfσ;miλγ
1
M2t2 −M2KK¯ + iΓt2Mt2
Dt2σ Ft2(M
2
KK¯) , (28)
where At2 is the tensor meson photoproduction (γN → t2N) amplitude, Γt2 is the total
decay width of the tensor meson, σ is the spin projection of the tensor meson, and Ft2 is
the form factor of the virtual tensor meson. The t2 → KK¯ decay amplitude reads
Dt2σ = −
2gt2KKk
2
f
Mt2
√
8π
15
Y2σ(q̂) , (29)
The a2-meson photoproduction amplitude is given by
Aa2mfσ;miλγ =
ga2γωgωNN
Ma2
u¯fH
a2
αβµ ui ε
∗αβ εµλγ Fω(t¯) , (30)
where εαβ is the Rarita-Schwinger spinor of the tensor meson
εαβ(σ) =
∑
l1l2
〈1l1 1l2|2σ〉 εα(l1)εβ(l2) , (31)
and
Ha2αβµ = (Qαγ
ν −Qνγα)(kβgµν − kνgµβ) + (Qβγν −Qνγβ)(kαgµν − kνgµα) . (32)
Similarly, the amplitude of the f2-meson photoproduction reads
Af2mfσ;miλγ =
gf2γρgρNN
Mf2
u¯fH
f2
αβµ ui ε
∗αβ εµλγ Fρ(t¯) , (33)
with
Hf2αβµ = (QαG
ν −QνGα)(kβgµν − kνgµβ) + (QβGν −QνGβ)(kαgµν − kνgµα) ,
Gµ = (1 + κρ)γµ − κρ
MN
p′µ .
(34)
In the absence of experimental information necessary to extract the coupling constants
ga2γω and gf2γρ, we assume that
ega2ωγ = 0.29 , egf2ργ = 0.14 . (35)
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These are rough estimates obtained by making use of the available data for the decay widths
for a2 → ωπ+π−, a2 → γγ, and f2 → γγ in conjunction with the vector dominance model,
in addition to the Gell-Mann–Sharp–Wagner contact term [34].2
D. KK¯ invariant mass distribution
If there is no limitation on the phase space of the outgoing kaons, then the integration
over the decay angle of the K meson eliminates the interference terms among the scalar,
vector, and tensor meson exchange contributions, and the KK¯ invariant mass distribution
may be expressed in a compact form as
64π3(s−M2N )2
kf
dσ
dt¯ dMKK¯
=M2σg
2
σKK
|Aσ|2
(M2
KK¯
−M2σ)2 +M2σΓ2σ
+
4k2f
3
∣∣∣∣∣∑
V
gVKKA
V
fi
M2
KK¯
−M2V + iMV ΓV
∣∣∣∣∣
2
+
8k2f
5
∣∣∣∣∣∑
t2
kf
Mt2
gt2KKA
t2
fi
M2
KK¯
−M2t2 + iMt2Γt2
∣∣∣∣∣
2
, (36)
where the average over the spins/helicity in the initial state and the summation over spin
variable in the final states are implied. One can see that, near threshold, the tensor me-
son contribution is suppressed by the factor k2f/M
2
t2
≪ 1 compared to the vector meson
contribution.
The KK¯ invariant mass distribution at a forward angle of KK¯ photoproduction
[θKK¯ (cm) = 10
◦] is shown in Figs. 6 and 7. The photon energy was taken from the thresh-
2 The value of the coupling constant ga2ωγ used in the present work leads to the a2 → ωγ decay width
Γa2→ωγ ≈ 0.29MeV,
Γa2→ωγ
Γtot
≈ 2.76× 10−3 ,
which is comparable with the a2 → piγ decay with the branching ratio (2.68± 0.31)× 10−3. Our estimate,
therefore, may be taken as an upper limit. The value of the coupling constant gf2ωγ in Eq. (35) results in
the branching ratio
Γf2→ργ ≈ 0.059MeV ,
Γf2→ργ
Γtot
≈ 3.2× 10−4 ,
which is about a factor 28 greater than the branching ratio for the f2 → γγ decay, which is (1.14±0.13)×
10−5. Note that our estimate is about a factor 5.5 smaller than the similar estimate given in Ref. [27]
where Γf2→ργ/Γf2→γγ ≈ 155.
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Λ0 in the γn→ K+K− reaction. (b) KK¯ invariant-mass distribution in γn→ K+K− taken from
Ref. [1]; arrows indicate the φ-meson cut window.
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FIG. 7: KK¯ invariant-mass distribution in (a) γn→ K+K− and in (b) γp→ pK0K¯0. The arrows
indicate the φ-meson cut window.
old to 2.35 GeV, in accordance with the measurement of Ref. [1]. The distribution has one
unknown parameter compared to the real vector meson photoproduction. It is the cutoff
parameter Λ0 in the form factor F(V,σ,a2,f2) = F (M(V,σ,a2,f2),M
2
KK¯
), where F (M,x2) is de-
fined in Eq. (10). The dependence of the KK¯ invariant mass on this parameter is shown in
Fig. 6a. A comparison with the measured distribution [1] shown in Fig. 6b favors Λ0 ≈ 0.9
GeV. We use this value in our further analysis. Figures 7a,b show the structure of these dis-
tributions. One can see a strong φ-meson photoproduction peak at MKK¯ ≈ Mφ and a long
tail dominated by the ρ-meson channel. The contribution from the other mesons is much
smaller. The contribution from the a2 and f2 mesons becomes comparable to that from the
vector mesons near the threshold, MKK¯ ≈ 1.3 GeV (at Eγ = 2.2 GeV). In this region of the
KK¯ invariant masses, the cross section is rather small compared to that aroundMKK¯ ≈Mφ,
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which gives the main contribution to the background of the Θ+ photoproduction at Eγ ≈ 2
GeV.
Finally, we note that the cross section for γn→ nK+K− exceeds that for γp→ pK0K¯0
by approximately a factor of two. This is due to the distinct φ−ρ interference effect in these
two reactions caused by the different signs in the ρK+K− and ρK0K¯0 coupling constants.
In the case of the φ-meson, the signs of the φK+K− and φK0K¯0 coupling constants are the
same.
E. Non-resonant background in Θ+ photoproduction
Let us now examine the background contribution to the angular distribution of the KK¯
pair in the final state. The KK¯ invariant mass is taken at the Θ+ resonance position at
MΘ = M0 = 1.54 GeV. The corresponding differential cross section, dσ/dΩ dMΘ, where Ω is
the solid angle of the KK¯ pair, is calculated using the general expression for the differential
cross section given by Eq. (3). Here, all the background channels contribute coherently and
the integration over the Θ+ decay angle ΩZ is performed numerically.
Our result for the γn→ nK+K− reaction is shown in Fig. 8a. One can see a rather strong
contribution from the φ photoproduction. We will eliminate the phase space with the KK¯
invariant mass from 1.00 to 1.04 GeV following Ref. [1] in order to reduce its contribution.
The corresponding phase space, shown schematically in Fig. 4, is about 15% of the total
phase space but it gives about 100% of the φ-channel contribution to the background. The
differential cross section, with anMKK¯ cut for the γn and γp reactions, are shown in Figs. 8b
and 8c, respectively. Now the φ and ρ contributions are comparable to each other. Another
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FIG. 8: Contribution of the background processes to the differential cross section of the Θ+ pho-
toproduction for the (a,b) γn and (c) γp reactions without (a) and with (b,c) the cut in the KK¯
invariant-mass distribution, respectively.
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interesting aspect is the enhancement of the σ contribution compared to the corresponding
contribution in the case of the KK¯ invariant-mass distributions shown in Fig. 6a,b. This
enhancement is explained by the term κρ(R
′ ·εγ)/MN in Eq. (20) caused by the ρNN tensor
coupling. The contribution from this term increases strongly with increasing |p′| sin θK .
When the momentum transfer to the KK¯ pair is small (see Fig. 7a,b), this contribution is
rather small, whereas in the kinematic condition of Fig. 8 it is large.
As can be seen from Fig. 8 and from the discussion in connection to Fig. 7a,b in Sec. III.D,
the contributions from the tensor mesons, a2 and f2, at Eγ ≈ 2 GeV are found to be very
small (even for large coupling constants [27] and different choices of their signs). Therefore,
hereafter, the tensor mesons will be omitted in our calculations.
IV. FIXING THE PARAMETERS OF THE RESONANT AMPLITUDE
(1) The magnitude of the coupling constant, gγKK∗, is extracted from the width of the
K∗ → γK decay [35]. Its sign is fixed by SU(3) symmetry. We have egγK0K∗0 = −0.35 and
egγK±K∗± = 0.23.
(2) The contribution of the s-channel (Fig. 1b) is small which leads to a rather weak
dependence of the total amplitude on the tensor coupling κΘ in the γΘΘ interaction within
a “reasonable” range of 0 <∼ |κΘ| <∼ 0.5 [36]. Therefore, we choose κΘ = 0 for both parities.
(3) The coupling constant gΘNK for the positive and negative Θ
+ parity is found from
the Θ+ decay width,
ΓΘ =
[g±ΘNK ]
2pF
2πMΘ
(
√
M2N + p
2
F ∓MN ) . (37)
There are several indications that the Θ+ decay width is most likely to be of the order
of one MeV [37] and that the observed width Γexp in the Θ photoproduction is rather to
be regarded as the experimental resolution (∆). By construction (see Introduction), the
differential cross section for the Θ+ photoproduction defined by Eq. (3) at the resonance
position does not depend on the Θ decay width. Instead, it depends on the ratio of the
coupling constants gΘNK∗ and gΘNK (as well as, in general, also on other parameters). In
principle, this ratio may be extracted from the experimental data by comparing the resonant
and the background contributions because the cross section due to the background is known
in the present case. However, a proper comparison requires to account for the “experimental
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resolution” in our calculation. The smearing of the Θ+ invariant mass distribution results
in a suppression of the resonant cross section at the resonance position by a factor of
d2 ≈ ΓΘ
∆
≈ 1
10
, (38)
where we use an averaged value of ∆ ≈ 20 MeV and ΓΘ ≈ 2 MeV. We include the effect of
this smearing by multiplying all the resonance amplitudes by this factor d. In our calculation
we will use the ratio of the resonance plus background to background processes from the
experiment to fix the model parameters. This ratio is different in different experiments and
varies from 2 [3] to 7 [5]. We will use a value of 3.4 which corresponds to that found in the
LEPS experiment.
(4) The next important point is to fix the cutoff parameters. In our model, we have
two different cutoff parameters. One (ΛK∗) is in the t-channel K
∗ exchange amplitude.
Another one (ΛB) defines the Born terms of the s-, u-, and t-channels and the current-
conserving contact terms c. Generally speaking, ΛK∗ together with gΘNK∗ (or the ratio
α = gΘNK∗/gΘNK) defines the strength of the K
∗ exchange amplitude. Increasing ΛK∗ leads
to a decreasing α. If we assume for the moment that the Born terms are negligible compared
to the K∗ exchange, then taking as a guide the quark model prediction for α for the positive
Θ+ parity [38],
α ≈
√
3 , (39)
we can fix ΛK∗ using the calculated background cross section and measured ratio of the res-
onance contribution to the background [signal-to-noise (S/N)]. The γp→ pK0K¯0 reaction
is close to this ideal case, where the K∗-exchange contribution is much larger than the Born
terms. But in the case of the γn → nK+K¯− reaction, the situation is more complicated.
The t-channels and the contact terms are strong and comparable to the K∗ exchange. These
situations for the γp and γn reactions may be understood from Fig. 9. We show here the
differential cross sections for the γN → NKK¯ reactions as a function of K¯-production
angle in the center-of-mass system at the resonance position and for positive and negative
Θ+ parities. We display the individual contributions from the Born terms, the K∗ exchange
channel and the background processes for both the pseudoscalar and pseudovector couplings
with ΛB = 1GeV. The parameters for the K
∗ exchange amplitude read Λ∗K = 1.5, α = 1 and
κ∗ = 0. One can see that for the γp reactions the K∗-exchange channel is dominant, whereas
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FIG. 9: Contributions of the Born s, t, u and the contact c terms in the (a,b) γp and (c,d) γn
reactions, together with the t-channel K∗ exchange and the background processes. The respective
cases for positive and negative piΘ are depicted in (a,c) and (b,d).
for the γn reactions all the individual contributions become comparable to each other and
the problem of fixing the cut off parameter ΛB must be solved consistently. Note that the
inclusion of the Σ and Λ photoproduction [39] processes results in a larger ambiguity in the
choice of ΛB which varies from 0.5 to 2 (GeV) depending on the coupling scheme, method
of conserving the electromagnetic current, etc.
To choose ΛB, we use the following strategy. We assume that the ratio α, as well as the
cutoff ΛK∗, must be the same in the γp and γn reaction. Then, fixing α and ΛK∗ from the
γp reaction and using the signal-to-noise ratio S/N , we determine ΛB unambiguously for
the γn reaction and its value will depend on the type of the coupling (PV or PS), the value
and the sign of tensor coupling (κ∗), and sign of α.
Figure 10 shows the dependence of α on ΛB at fixed ΛK∗ and κ
∗ = 0. For the γp
reaction, this dependence is rather weak but for γn, it is strong. For further analysis of the
γp reaction, we chose an averaged value of ΛB = 1 GeV. We will analyze observables at three
values of the tensor coupling κ∗ = 0,±0.5. The corresponding values of α depending on κ∗
and the Θ+ parity are shown in Table I. All the calculations are done at the K¯ production
angle of θ = 55◦, where the resonance processes are largest. Also, at this condition, the
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FIG. 10: The scale parameter α as a function of the cutoff parameters ΛK∗ and ΛB .
background contribution is dominated by the known φ and ρ channels and therefore it
is better established. Figures 11a-d show the result for the differential cross section for
the γN → NKK¯ reactions, calculated by considering a coherent sum of all the resonance
processes with the scaled K∗ exchange amplitude by a factor of α and appropriate ΛB.
One can see that in the vicinity of θ ≈ 55◦, the unpolarized cross sections for the different
coupling schemes and different parities are close to each other for both the γp and γn
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FIG. 11: The cross section of the resonance Θ+ photoproduction and the background processes
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1/2P \ κ∗ 0.5 0.0 −0.5
1/2+ 1.67 1.875 2.01
1/2− 9.38 8.625 7.88
TABLE I: Ratio α = gΘNK∗/gΘNK for different Θ
+ parity
and tensor coupling κ∗ = 0,±0.5.
reaction. The difference between these two reactions may appear in the angular distribution
of the Θ+ → NK decay and in the corresponding spin observables.
V. RESULTS AND DISCUSSION
A. Θ+ decay distribution
The angular distribution of the Θ+ → NK decay is described by the decay amplitudes
D± in Eqs. (4) and ( 5). Later we will discuss the polar angle (Θ) distribution integrated
over the azimuthal angle (Φ). The decay amplitudes exhibit a p- or an s-wave distribution
depending on the parity of Θ+ (πΘ) being positive or negative, respectively. However, if
the spin state of the recoil nucleon is not fixed, the difference in the angular distribution,
normalized as ∫
W (cosΘ) d cosΘ = 1 , (40)
disappears (for a spin-1
2
Θ+). The pure resonant amplitude results in an isotropic distribution
with
WR(cosΘ) =
1
2
. (41)
The interference between the resonant and the background amplitudes leads to an anisotropy
in the angular distribution. Figures 12a,b show the angular distribution W (cosΘ) for the
γn and γp reactions. Here we chose the PV-coupling scheme with positive α and κ∗ = 0.
The results for other input parameters are similar to those shown in Fig. 12. The solid and
dashed curves correspond to the positive and negative parities for Θ+, respectively. The
angular distribution due to the background is shown by the dot-dashed curve, whereas the
contribution from the pure resonance channel is shown by the solid thin line. Some non-
monotonic behavior of W (cosΘ) around Θ ≈ π/3 is caused by the sharp cut in the KK¯
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FIG. 12: The decay distributions of (a) nK+ and (b) pK0 in the reactions γ → nK+K− and
γ → pK0K¯0, respectively. The solid and dashed curves correspond to the positive and negative
Θ+ parities, respectively. The distribution from the background is shown by the dot-dashed curve,
whereas the contribution from the pure resonance channel is shown by the solid thin line. (c) The
differential cross section of the background channels.
invariant mass with |MKK¯ −Mφ| < 20 MeV as described in Sec. III.E. We do not see any
essential difference between the calculations corresponding to different πΘ.
The differential cross section due to the background channels in γp → pK0K¯0 is shown
in Fig. 12c. It is peaked at cosΘ ≈ −1 for the following two reasons. First, the momentum
transfers to the KK¯ pair (|t¯|) reaches its minimum value at cosΘ = −1 and second, the
polar angle of the KK¯ decay distribution (θK) with respect to the photon momentum in
the KK¯ rest frame is close to π/2 (when θ ≈ 55◦ and Θ ≈ π). In this region the dominant
background contribution arising from the vector meson channels has a maximum because
the cross section due to the γN → NV → NKK¯ process is proportional to sin2 θK .
In summarizing this subsection, we conclude that: (i) the decay distribution for unpo-
larized Θ+ photoproduction is not sensitive to the Θ+ parity and (ii) the vector meson
dominance of the background leads to a specific decay distribution which can be checked
experimentally.
B. Spin observables
1. Single spin observables
Let us consider the beam asymmetry defined as
ΣB =
σ(⊥)− σ(‖)
σ(⊥) + σ(‖) , (42)
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where σ(⊥) and σ(‖) are the cross sections for Θ+ photoproduction with the photon beam
polarized perpendicular (εγ = ŷ) or parallel (εγ = x̂) to the production plane, respectively.
We will analyze the beam asymmetry as a function of the Θ+ polar decay angle Θ. For the
resonant channel contribution, σ(⊥) and σ(‖) do not depend on the decay angle Θ if the
nucleon spin states are not fixed. Therefore, in this case, the beam asymmetry is a constant
and its value depends on the details of the production mechanism. The interference with
the background amplitude results in some structure of the beam asymmetry. The question
is whether or not the beam asymmetries for positive and negative πΘ are different from each
other at a qualitative level.
Figures 13 and 14 and Figs. 15 and 16 show the results of our calculation for γp→ pK0K¯0
and γn→ nK+K−, respectively, for different parity πΘ, different coupling schemes, different
signs of α, and different κ∗. The results for positive and negative πΘ are shown in Figs. 13-16
(ab) and (cd), respectively. The results for the pseudovector (PV) and pseudoscalar (PS)
couplings are displayed in Figs. 13-16 (ac) and (bd), respectively. The asymmetries shown
in Figs. 13 and 15 are calculated with κ∗ = 0; the dependence on κ∗ is shown in Figs. 14
and 16. In Figs. 13 and 15 the asymmetries due to the pure resonant channel are shown by
the long dashed (α > 0) and dashed (α < 0) lines. The asymmetry from the background is
shown by the dot-dashed curves.
One can see that the resonant channel contribution gives rise to a positive and constant
beam asymmetry. For the γp → pK0K¯0 reaction its value depends on πΘ: Σ+B ≈ 2Σ−B ≈
0.6− 0.8. For the γn→ nK+K− reaction this dependence is rather weak. The asymmetry
due to the background channels is negative with relatively large absolute value. The interplay
of the resonant and background processes results in a strong deviation of ΣB from the
constant (“resonant”) values; in all the cases the asymmetry decreases down to negative
values when Θ → π. The variation of κ∗ modifies the asymmetry at cosΘ ≈ 1 leaving,
however, its shape almost unchanged. In Refs. [8, 9] the single beam asymmetry for the
reaction γN → Θ+K¯ was suggested for the determination of πΘ by measuring the angular
distribution of the K¯ mesons. In our analysis of the two-step process γN → Θ+K¯ → NKK¯,
however, we find that the dependence of ΣB on the parity πΘ is not pronounced enough to
allow the extraction of the parity of the Θ+ state.
To summarize this subsection, we can conclude that the beam asymmetry cannot be used
as a tool for determining πΘ. The shapes of ΣB for positive and negative πΘ are almost the
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FIG. 13: The beam asymmetry in γp → pK0K¯0 as a function of the K decay angle for κ∗ = 0.
The results for piΘ = + and piΘ = − are shown in (a,b) and (c,d), respectively. The results for
pseudovector (PV) and pseudoscalar (PS) couplings are displayed in (a,c) and (b,d), respectively.
The symbol (±) corresponds to positive and negative α. The asymmetries due to the resonant
channel are shown by the long dashed (α > 0) and dashed (α < 0) lines, respectively. The
asymmetry from the background is shown by the dot-dashed curves.
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FIG. 14: The beam asymmetry in γp→ pK0K¯0 as a function of the K decay angle. The result is
for α¯ > 0 and κ∗ = 0, ±0.5. Other notations are the same as in Fig. 13.
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FIG. 15: The beam asymmetry in γn→ nK+K¯− as a function of the K decay angle. Notation is
the same as in Fig. 13.
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FIG. 16: The beam asymmetry γn → nK+K¯− for different values of κ∗ as a function of the K
decay angle. Notation is the same as in Fig. 14.
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same. The difference in ΣB in γp→ pK0K¯0 mentioned above gets small if we compare the
result for positive πΘ with κ
∗ = 0.5 and the result for negative πΘ with κ
∗ = −0.5. A similar
conclusion is valid for other single spin observables.
2. Double spin observables
As we have seen, the Θ+ decay amplitudes in Eq. (5) are related directly to πΘ. Therefore,
observables sensitive to the Θ+ parity must involve the spin dependence of the outgoing nu-
cleon. Let us consider one of them, the target-recoil spin asymmetry, where the spin variables
are related to the spin projections of incoming (target) and outgoing (recoil) nucleons ,
Atr = σ(↑↑)− σ(↑↓)
σ(↑↑) + σ(↑↓) . (43)
Here, σ(↑↑) and σ(↑↓) are the cross sections without and with the spin flip transition from
the incoming to outgoing nucleon, respectively. Using Eqs. (5) one can get the asymmetries
due to the pure resonance channel,
A+tr(Θ) = A+0 cos 2Θ , A−tr(Θ) = A−0 , (44a)
A±0 =
dσ±R(↑↑)− dσ±R(↑↓)
dσ±R(↑↑) + dσ±R(↑↓)
, (44b)
where σ+R and σ
−
R denote the cross section for Θ
+ photoproduction with the positive and
negative πΘ values, respectively. One can see that the spin asymmetries for positive and
negative parities are qualitatively different to each other. In the case of a negative parity,
the asymmetry is a constant, independent of Θ. For positive parity, the corresponding
asymmetry exhibits a cos 2Θ dependence which leads to a minimum or a maximum value at
Θ = π/2 and a null value at Θ = π/4 and 3π/4.
The next observation is related to the production mechanism. The dominance of the
K∗-exchange channels leads to a relative suppression of the spin-flip transitions for positive
πΘ. Therefore, we have A+0 > 0, which results in a minimum of the asymmetry A+tr = Atrmin
at Θ = π/2. For negative πΘ, the dominance of the K
∗-exchange channels results in an
enhancement of these transitions, so that A−0 < 0.
But this ideal picture is modified when we include the background contribution. The
background processes are dominated by the spin-conserving transition which results in a
positive asymmetry. Therefore, in the case of a negative πΘ, the total asymmetry may be
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either positive or negative. In the case of a positive πΘ, the total asymmetry loses its cos 2Θ
dependence.
Our results for double target-recoil asymmetry are presented in Figs. 17 and 18 for the
γp → pK0K¯0 reaction and in Figs. 19 and 20 for the γn → nK+K− reaction. All the
notations are the same as in Figs. 13-16 for the beam asymmetry. For the pure resonance
channel contribution one can see the cos 2Θ dependence of Atr for the positive πΘ and a
constant for the negative πΘ. The “modulation” A+0 for positive πΘ depends on the tensor
coupling κ∗ and decreases when κ∗ increases. The background contribution modifies the
asymmetries. In the case of a negative πΘ, the asymmetries increases when Θ → π. In
the case of a positive πΘ, one can see a strong modification of the cos 2Θ dependence.
This modification is especially strong for larger values of κ∗. In this case we see almost a
monotonic decrease of A+tr as Θ varies from π to 0 (see Figs. 18a and 20a), similarly to the
case of the negative πΘ for large and negative κ
∗ (see Figs. 18d and 20d ). Therefore we can
conclude that the background contribution hampers the use of the double spin observables
for the determination of πΘ because of a strong interplay of the production mechanism (in
our example it is κ∗) and effects of the Θ+ parity in the transition amplitudes.
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FIG. 17: The double target-recoil spin asymmetry Atr in γp → pK0K¯0 as a function of the K
decay angle. Notation is the same as in Fig. 13.
−1.0 −0.5 0.0 0.5 1.0
cosΘ
−1.0
−0.5
0.0
0.5
1.0
A t
r
1/2 PV (a)+
0.5
0
−0.5
−1.0 −0.5 0.0 0.5 1.0
cosΘ
−1.0
−0.5
0.0
0.5
1.0
A t
r
1/2 PS (b)+
0.5
0
−0.5
−1.0 −0.5 0.0 0.5 1.0
cosΘ
−1.0
−0.5
0.0
0.5
1.0
A t
r
1/2 PV (c)−
−0.5
0 0.5
−1.0 −0.5 0.0 0.5 1.0
cosΘ
−1.0
−0.5
0.0
0.5
1.0
A t
r
1/2 PS (d)−
−0.5
0 0.5
FIG. 18: The double target-recoil spin asymmetry Atr in γp → pK0K¯0 as a function of the K
decay angle for different values of κ∗. Notation is the same as in Fig. 14.
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FIG. 19: Same as in Fig. 17, for γn→ nK+K−.
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FIG. 20: Same as Fig. 18, for γn→ nK+K−.
3. Triple spin observables
Let us consider the beam asymmetry for the linearly polarized photon beam at a fixed
polarization of the target and the recoil nucleons. The nucleon polarizations are chosen
along the normal to the production plane [18, 20],
Σyy(↑↑) = σ
⊥(↑↑)− σ‖(↑↑)
σ⊥(↑↑) + σ‖(↑↑) , Σyy(↑↓) =
σ⊥(↑↓)− σ‖(↑↓)
σ⊥(↑↓) + σ‖(↑↓) , (45)
where σ(↑↑) and σ(↑↓) correspond to the spin-conserving and spin-flip transitions between
the initial and the final nucleons, respectively. We choose these asymmetries because for
the 2→ 2 (γN → Θ+K¯) reaction, Bohr’s theorem [40] based on reflection symmetry in the
scattering plane results in
ΣγN→Θ
+K¯
yy (↑↑) = +πΘ , ΣγN→Θ
+K¯
yy (↑↓) = −πΘ . (46)
This prediction is very strict, it does not depend on the production mechanism (in our
case PV or PS coupling schemes, α, κ∗ etc.) and therefore it is extremely attractive. But
unfortunately, the realistic case is more complicated. As we discussed above, the realistic
process is the 2 → 3 reaction (γN → NKK¯) and we have to take into account the three-
body aspects of the final state. Let us consider the coplanar reaction when all three outgoing
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particles are in the production plane perpendicular to the nucleon polarization. In this case,
Bohr’s theorem predicts
Σyy(↑↑) = πK = −1 , Σyy(↑↓) = −πK = +1 , (47)
independently of the intermediate Θ+ parity. It is conceivable that other “model-
independent” predictions made for the 2 → 2 reaction may suffer from a similar problem.
The only way to use Σyy as a tool to determine the parity of the Θ
+ pentaquark is to find a
kinematical region where this asymmetry is sensitive to πΘ and insensitive to the production
mechanism.
Consider first the spin-conserving transitions. Figures 21 and 22 and Figs. 23 and 24 show
results of our calculation of the triple spin asymmetry Σyy(++) ≡ Σyy(↑↑) for γp→ pK0K¯0
and γn→ nK+K−, respectively, for different πΘ, different coupling schemes, different signs
of α, and different κ∗. The results for the positive and negative πΘ are shown in Figs. 21 and
23 (ab) and (cd), respectively. In Figs. 22 and 24 the results for both parities are displayed
simultaneously. The results for pseudovector (PV) coupling are shown in panels (a) and (c)
of Figs. 21 and 23, and panels (a) of Figs. 22 and 24; those for pseudoscalar (PS) coupling
are given in panels (b) and (d) of Figs. 21 and 23, and panels (b) of Figs. 22 and 24. The
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FIG. 21: The triple spin asymmetry Σyy(↑↑) in γp→ pK0K¯0 as a function of the K decay angle.
Notation is the same as in Fig. 13.
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FIG. 22: The triple spin asymmetry Σyy(↑↑) in γp → pK0K¯0 as a function of the K decay angle
for different values of κ∗ and negative α. Notation is the same as in Fig. 14.
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FIG. 23: Same as Fig. 21, for γn→ nK+K−.
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FIG. 24: Same as Fig. 22, for γn→ nK+K−.
asymmetries shown in Figs. 21 and 23 are calculated with κ∗ = 0; the dependence on κ∗ is
shown in Figs. 22 and 24. In Figs. 21 and 23 the asymmetries due to the resonant channel
are shown by the long curves (α > 0) and dashed (α < 0) curves. The asymmetry due to
the background is shown by the dot-dashed curves.
The case of Θ = 0, π corresponds to the coplanar geometry [Eq. (47)], where Σyy(↑↑) = −1
independently of πΘ, reaction mechanism and input parameters. For the negative Θ
+ parity
the asymmetry due to the resonant channel remains to be −1 at all cos Θ because of the
s-wave Θ+ decay, and therefore predictions for 2→ 2 and 2→ 3 for this case are the same.
For positive parity, we have a p-wave decay which leads to a fast increasing asymmetry
from −1 up to positive and large values and results in a specific bell-shape behavior of Σyy.
In principle, the shapes of Σyy for different πΘ are quite different from each other in the
region of −0.8 <∼ cosΘ <∼ 0.8 and practically do not depend on the production mechanism.
Therefore one could consider to use this asymmetry for determining πΘ. Unfortunately, as
in the case of the double target recoil asymmetry, this picture is modified by the interference
between the resonance and background channels. For negative πΘ and negative α, one can
see a sizeable deviation of Σyy(↑↑) from −1 at negative cosΘ. The effect of the resonance-
background interference is large in the γn → nK+K− reaction, leading to a decreasing
Σ+yy(↑↑) at cosΘ ≈ 0 and an increasing Σ−yy(↑↑) at cosΘ ≈ 0–0.2 as compared to that in the
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FIG. 25: The triple spin asymmetry Σyy(↑↓) in (a) γp → pK0K¯0 and (b) γn → nK+K− as
a function of the K+ decay angle for different values of κ∗ and positive α¯ and the PV-coupling
scheme.
γp→ pK0K¯0 reaction. Nevertheless, from Figs. 22 and 24 one can see that in the region of
0.5 <∼ cosΘ <∼ 0.8, the asymmetries Σ±yy(↑↑) for different parities are qualitatively different
from each other. This feature suggests to use this observable for the determination of πΘ.
Consider now the spin-flip transitions. For the vector-meson photoproduction, the spin-
flip transitions are suppressed compared to the spin-conserving ones and, therefore, the
effect of the background in Σ±yy(↑↓) is much smaller than in Σ±(↑↑). Now, Σ−yy(↑↓) is close
to its “model-independent” limit (+1) [cf. Eq. (47)]. For the positive parity we expect
Σ+yy(↑↓) = +1 at cosΘ = ±1 with some decrease at small | cosΘ|. The results of the
calculations of Σyy(+−) ≡ Σyy(↑↓) shown in Figs. 25a and b for γp → pK0K¯0 and γn →
nK+K−, respectively, confirm this expectation. They are obtained using the PV-coupling
scheme and different κ∗. The results corresponding to other input parameter values are
similar to those shown in Figs. 25a and b, and we do not display them here. One can see
a clear difference between the predictions for positive and negative πΘ. For negative parity,
Σ−yy(↑↓) ≈ +1 at all cos Θ. For positive parity, we have Σ+yy(↑↓) = +1 at cosΘ = ±1 with a
minimum at cosΘ = 0. Unfortunately, the minimum value of Σ+yy(↑↓) depends strongly on
the tensor coupling κ∗; in particular, at large negative κ∗, the deviation between Σ+yy(↑↓) and
Σ−yy(↑↓) may be rather small. This makes it difficult to use Σyy(↑↓) for the determination of
πΘ.
VI. SUMMARY
We have analyzed in detail for the first time two essential aspects of the problem asso-
ciated with the determination of the parity of the Θ+ pentaquark from photoproduction
processes. The first one is the non-resonant background in the reaction γN → NKK¯. The
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second one is related to the three-body final states. The interference between the resonance
amplitude and the non-resonant background results in a modification of all the spin observ-
ables from those corresponding to the pure resonance channels contribution. The effect of
the three-body final state means that the predictions made for the spin “observables” of
the (directly unobservable) two-body intermediate reaction γN → Θ+K¯ are not useful from
a practical point of view. This applies to all “model-independent” predictions for the Θ+
parity determination in Θ+ photoproduction discussed recently in the literature [18–20].
We have analyzed in detail the non-resonant background. We have found that in the
near-threshold energy region (Eγ ≈ 2 GeV), the non-resonant background is dominated by
the vector (φ, ρ, and ω) meson photoproduction. The contributions from the scalar (σ) and
tensor (a2, f2) mesons are rather small. However, the later may be important at higher
energies. Additional information about the background structure may be found by studying
the relative angular distribution of the KK¯ pair. In our study, we have shown that, using
both the measured ratio of the resonance to background yields and the calculated non-
resonant background, we can find the strength of the K∗ exchange amplitude and reduce
the number of unknown parameters.
Finally, we have shown that only in the case of the triple spin asymmetry, one can find
a kinematical “window” where the predictions are sensitive to the Θ+ parity and insensi-
tive to the production mechanism. The present analysis is based of the observed ratios of
the resonant and non-resonant contributions, including the instrument’s energy resolution.
The triple spin asymmetries are quite sensitive to the Θ+ parity, but not to other param-
eters. If the instrument’s resolution will be improved in future experiments, the ratio will
increase accordingly provided that the intrinsic width ΓΘ is smaller than the instrument’s
resolution. Then, the difference between the triple spin asymmetries Σ(↑↑) for the positive
and negative πΘ will get quite conspicuous, and thus will provide the Θ
+ parity almost
model-independently.
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APPENDIX A: TRANSITION OPERATORS FOR RESONANCE CHANNELS
We show here the explicit expressions for the transition operators Mµ in Eqs. (11) for
the positive and negative Θ+ parity (πΘ) and for the PV- and PS-coupling schemes.
The specific parameters for the form factor of Eq. (10) required here are defined by
Fs = F (MN , s) , Fu = F (MΘ, u) , and Ft = F (MK+, t) . (A1)
In addition, we need the form factor combinations
F˜tu = Ft + Fu − FtFu and F˜su = Fs + Fu − FsFu (A2)
to construct the contact terms Mcµ given below that make the initial photoproduction am-
plitude gauge invariant [22, 23]. The four-momenta in the following equations are defined
according to the arguments given in the reaction equation
γ(k) +N(p)→ Θ+(pΘ) + K¯(q¯) . (A3)
1. γn → Θ+K−
πΘ = +1; PV
Mtµ = i
egΘNK(k − 2q¯)µγ5
t−M2
K+
Ft , (A4a)
Msµ = i
egΘNK
MΘ +MN
γ5q¯/
p/+ k/+MN
s−M2N
(
i
κn
2MN
σµνk
ν
)
Fs , (A4b)
Muµ = i
egΘNK
MΘ +MN
(
γµ + i
κΘ
2MΘ
σµνk
ν
)
p/Θ − k/+MΘ
u−M2Θ
γ5q¯/ Fu , (A4c)
Mcµ = iegΘNKγ5
[
(k − 2q¯)µ
t−M2
K+
(F˜tu − Ft) + (2pΘ − k)µ
u−M2Θ
(F˜tu − Fu) + γµ
MΘ +MN
Fu
]
. (A4d)
πΘ = +1; PS
Mtµ = i
egΘNK(kµ − 2q¯µ)γ5
t−M2
K+
Ft , (A5a)
Msµ = iegΘNKγ5
p/+ k/+MN
s−M2N
(
i
κp
2MN
σµνk
ν
)
Fs , (A5b)
Muµ = iegΘNK
(
γµ + i
κΘ
2MΘ
σµνk
ν
)
p/Θ − k/+MΘ
u−M2Θ
γ5 Fu , (A5c)
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Mcµ = iegΘNKγ5
[
(k − 2q¯)µ
t−M2
K+
(F˜tu − Ft) + (2pΘ − k)µ
u−M2Θ
(F˜tu − Fu)
]
. (A5d)
For both PS and PV couplings, the positive-parity t-channel K∗ exchange is given by
Mtµ(K∗) =
egγKK∗gΘNK∗
MK∗
εµναβk
αq¯β
t−M2K∗
[
γν − iσ
νλ(p− pΘ)λ
MΘ +MN
κ∗
]
F (MK∗, t) . (A6)
For the negative Θ+ parity, we have the following amplitudes.
πΘ = −1; PV
Mtµ = i
egΘNK(k − 2q¯)µ
t−M2
K+
Ft , (A7a)
Msµ = −i
egΘNK
MΘ −MN q¯/
p/+ k/+MN
s−M2N
(
i
κn
2MN
σµνk
ν
)
Fs , (A7b)
Muµ = −i
egΘNK
MΘ −MN
(
γµ + i
κΘ
2MΘ
σµνk
ν
)
p/Θ − k/+MΘ
u−M2Θ
q¯/ Fu , (A7c)
Mcµ = iegΘNK
[
(k − 2q¯)µ
t−M2
K+
(F˜tu − Ft) + (2pΘ − k)µ
u−M2Θ
(F˜tu − Fu)− γµ
MΘ −MN Fu
]
. (A7d)
πΘ = −1; PS
Mtµ = i
egΘNK(k − 2q¯)µ
t−M2
K+
Ft , (A8a)
Msµ = iegΘNK
p/+ k/+MN
s−M2N
(
i
κn
2MN
σµνk
ν
)
Fs , (A8b)
Muµ = iegΘNK
(
γµ + i
κΘ
2MΘ
σµνk
ν
)
p/Θ − k/+MΘ
u−M2Θ
Fu , (A8c)
Mcµ = iegΘNK
[
(k − 2q¯)µ
t−M2
K+
(F˜tu − Ft) + (2pΘ − k)µ
u−M2Θ
(F˜tu − Fu)
]
. (A8d)
For negative Θ+ parity, the K∗ exchange is given by
Mtµ(K∗) =
egγKK∗gΘNK∗
MK∗
εµναβk
αq¯β
t−M2K∗
γ5
[
γν − iσ
νλ(p− pΘ)λ
MΘ +MN
κ∗
]
F (MK∗, t) . (A9)
2. γp → Θ+K¯0
πΘ = +1; PV
Msµ = i
egΘNK
MΘ +MN
γ5q¯/
p/+ k/+MN
s−M2N
(
γµ + i
κp
2MN
σµνk
ν
)
Fs , (A10a)
Muµ = i
egΘNK
MΘ +MN
(
γµ + i
κΘ
2MΘ
σµνk
ν
)
p/Θ − k/+MΘ
u−M2Θ
γ5q¯/ Fu , (A10b)
Mcµ = i
egΘNK
MΘ +MN
γ5q¯/
[
(2p+ k)µ
s−MN (F˜su − Fs) +
(2pΘ − k)µ
u−M2Θ
(F˜su − Fu)
]
. (A10c)
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πΘ = +1; PS
Msµ = iegΘNKγ5
p/+ k/+MN
s−M2N
(
γµ + i
κp
2MN
σµνk
ν
)
Fs , (A11a)
Muµ = iegΘNK
(
γµ + i
κΘ
2MΘ
σµνk
ν
)
p/Θ − k/+MΘ
u−M2Θ
γ5 Fu , (A11b)
Mcµ = iegΘNKγ5
[
(2p+ k)µ
s−MN (F˜su − Fs) +
(2pΘ − k)µ
u−M2Θ
(F˜su − Fu)
]
. (A11c)
The transition amplitudes for the negative Θ+ parity may be obtained immediately from
Eqs. (A10) and (A11) by the simple substitutions
PV:
γ5
MΘ +MN
→ − 1
MΘ −MN , (A12a)
PS: γ5 → 1 . (A12b)
APPENDIX B: POMERON EXCHANGE AMPLITUDE
The invariant amplitude for the Pomeron-exchange process has the form
APfi = −MP (s, t) ΓPfi . (B1)
The scalar function MP (s, t) is described by the Regge parameterization,
MP (s, t) = CP F1(t)F2(t)
1
s
(
s
sP
)α
P
(t)
exp
[
−iπ
2
αP (t)
]
, (B2)
where F1(t) is the isoscalar electromagnetic form factor of the nucleon and F2(t) is the form
factor given in Appendix C for the vector-meson–photon–Pomeron coupling. We also follow
Ref. [42] to write
F1(t) =
4M2N − 2.8t
(4M2N − t)(1− t/t0)2
, F2(t) =
2µ20
(1− t/M2V )(2µ20 +M2V − t)
, (B3)
where t0 = 0.7 GeV
2. The Pomeron trajectory is known to be αP (t) = 1.08 + 0.25 t. The
strength factor CP is given by
CP =
6eg2
γV
, (B4)
where γV is the vector meson decay constant (γ
2
ω = 72.71, γ
2
φ = 44.22, and γ
2
ρ = 6.33). The
parameter g has a meaning of the Pomeron-quark coupling and it is taken to be the same for
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all vector mesons (g2 = 16.6). The remaining parameters read µ20 = 1.1 GeV
2 and sP = 4
GeV2. The amplitude ΓPfi reads
ΓPfi = u¯fk/ ui(ε
∗
λV
· ελγ )− u¯fε/λγui(ε∗λV · k)− u¯fε/∗λV ui
[
ελγ · q −
(ελγ · p¯)(k · q)
p¯ · k
]
, (B5)
with p¯ = (p+ p′)/2. εµ(V ) and εν(γ) are the polarization vectors of the vector meson (ρ, φ)
and the photon, respectively, and ui=umi(p) [uf=umf (p
′)] is the Dirac spinor of the nucleon
with momentum p (p′) and spin projection mi (mf ).
APPENDIX C: PARAMETERS FOR THE NON-RESONANT BACKGROUND
The parameters of the model that define the amplitude of the vector-meson photoproduc-
tion are taken from previous studies [26, 28]. The coupling constants in Eqs. (12a)-(12e)
are based on empirical knowledge, comparison with the corresponding decay widths and
SU(3)-symmetry considerations. For the σ-meson photoproduction, we use the Bonn model
as listed in Table B.1 (Model II) of Ref. [32]. All coupling constants are displayed in Table II.
TABLE II: Coupling constants for the non-resonant background.
g value source Ref.
gpiNN 13.26 φ, ω photoproduction [26, 28]
gηNN 3.54 SU(3) [24]
gσNN 10.03 ρ photoproduction [26]
gρNN ; κρ 3.72; 6.71 Bonn Model [32]
egρσγ 0.82 ρ photoproduction [26]
egρpiγ 0.16 ρ photoproduction [26]
egωpiγ 0.55 ω photoproduction [26]
egφpiγ −0.043 φ→ piγ decay, SU(3) [35]
egφηγ −0.214 φ→ ηγ decay, SU(3) [35]
g0 ≡ gφKK 4.48 φ→ KK decay [35]
gρK+K− g0/
√
2 SU(3) [35]
gρK0K¯0 −g0/
√
2 SU(3) [35]
gσKK = −gσpipi 1.74 σ → pipi decay, SU(3) [35]
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All the vertex functions are dressed by monopole form factors. We use the following
expressions for their products:
Fpi(t) =
(
0.62 −m2pi
0.62 − t
)2
, (C1a)
Fη(t) =
(
1.02 −m2η
1.02 − t
)(
0.92 −m2η
0.92 − t
)
, (C1b)
Fσ(t) =
(
1.02 −m2σ
1.02 − t
)(
0.92 −m2σ
0.92 − t
)
, (C1c)
Fρ(t) =
(
1.32 −m2ρ
1.32 − t
)2
, (C1d)
where all the masses are in GeV and t is in GeV2.
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